Genetic, epigenetic and somatic changes deregulate the expression of growth factor receptors (GFRs), leading to cancer initiation and progression. Tumor cell growth and survival are orchestrated by clonal expansion and evasion of apoptotic signals in cancer cells. The growth of cells is further supported by angiogenesis and metastasis to distant organs. High expression of GFRs also contributes to the development of resistance. Therefore, therapeutics to target GFRs is a potentially attractive molecular approach to treat cancer more effectively. In this review, we have discussed the contribution of GFRs to cancer development and addressed molecular approaches undertaken to inhibit GFR-mediated pathways. A wide number of monoclonal antibodies (mAbs) and protein kinase inhibitors targeting these GFR-mediated functions are in clinical trials to treat human malignancies. However, most drugs that target GFRs lead to the development of drug resistance and generate adverse effects. Nucleic acid-based therapeutics, e.g. short interfering RNA (siRNA) could be harnessed to selectively silence GFR genes in cancer cells. Different polymer, liposome-based nanocarriers, and the most recently developed pH-sensitive inorganic carbonate apatite nanoparticles have been used in cell culture and preclinical trials for cytoplasmic delivery of the siRNAs targeting different GFR genes. siRNA-based therapeutics have been shown to have signifi cant potential to suppress GFR expression and functions and thus could be developed as molecular therapeutics. Multi-targeting of tumors at different levels by combining various approaches along with chemotherapy would be a promising therapeutic approach to fi ght the disease. Suitable nanocarriers capable of entrapping siRNA, mAb, GFR inhibitors and classical drugs targeting GFR have potential therapeutic applications.
Introduction
The heterogeneous nature of cancer is characterized by continuous clonal expansion and uncontrolled growth of mutated cells, intravasation and extravasation of blood and lymphatic vessels, dissemination, and fi nally metastasis into distant organs. In the tumor microenvironment, cells are supplied with nutrients by the formation of disorganized blood vessels with leaky vasculature by the process of angiogenesis. Growth factor receptors (GFRs), expressed on cell membranes or in the cytoplasm, have profound roles in cell growth, survival, angiogenesis and metastasis. Amplifi cation of GFRs generates inherent and acquired resistance to classical chemotherapies and targeted molecules. Escalated growth signals cross-talk differently with death signals to inhibit apoptosis that is programmed cell death. Accordingly, signals mediated by GFRs function in collaboration to enhance the complexity of the tumor microenvironment.
Here, we have discussed the involvement of GFRs at different stages of cancer progression and the molecular therapeutic approaches to target GFRs.
GFR Involvement in Cancer Progression

Epidermal growth factor receptor
The epidermal growth factor receptor (EGFR) family encompasses four receptor proteins, namely ErbB-1/EGFR-1 to -4 (also called HER [1] [2] [3] [4] that are expressed on cell surface and exhibit tyrosine kinase activities. These proteins have similar structures and are comprised of three domains: an extracellular domain with ligand binding site, a transmembrane domain, and an intracellular domain with kinase activity [ Figure 1a ]. There are 11 different growth factors, each possessing a conserved EGF domain that can bind with those four receptors. Upon ligand binding, the receptors form homo-or hetero-dimers, promoting activation, relaying signals for proliferation, survival, migration and differentiation and thus playing major roles in cancer progression [ Table 1 ]. Overexpression and/or gene amplifi cation of EGFR confer malignancy to diverse tissues. Moreover, constitutively active mutants of EGFR are found in different cancers, where they are often associated with poor prognosis [ Table 2 ].
Insulin-like growth factor receptor
The insulin-like growth factor receptor (IGFR) family consists of two cell membrane receptors, IGF1R and IGF2R. IGF1R (that also forms a heterodimer with the insulin receptor [IR]) binds to insulin-like growth factor 1 (IGF1) with higher affi nity and IGF2 with comparatively lower affi nity to elicit the growth signals required for foetal and postnatal development. The post-translationally modifi ed IGF1R is a polypeptide containing one α-and one β-chain that are connected by a disulfi de bond and expressed on the cell surface [ Figure 1b ]. The α-chain and portion of the β-chain comprise the extracellular domain followed by transmembrane and cytoplasmic domain in β-chain. [6] [7] [8] The mature IGF1R is a homodimer comprising the α 2 and β 2 chains linked by disulfi de bonds. The intracellular domain has tyrosine kinase activity that auto-phosphorylates the receptor and a number of downstream proteins upon binding to the ligands. The notion of involvement of this receptor in tumorigenesis came from the studies of IGF1R-transfected cells and the effects of IGF1R gene mutation. [9] [10] [11] Overexpression of IGF1R gene is implicated in cellular proliferation, transformation, and metastasis in several carcinomas [ Table 1 ]. Amplifi cation of IGF1R gene in breast cancer and melanoma and overexpression of IGF1R gene in pediatric cancer has been reported [ Table 2 ]. The relatively simpler IGF2R (also called mannose-6 phosphate receptor, M6P) comprises a single polypeptide chain, and functions as a "scavenger receptor" for IGF2. It suppresses tumor growth, modulates invasiveness, and blocks angiogenesis [ Table 1] . [12] Mutations in IGF2R locus have been observed in lung cells [12] and identifi ed as an early event in hepatocellular carcinoma in different populations. [13] Transforming growth factor-beta receptor
The transforming growth factor-beta receptor (TGF-βR) family comprises three membrane receptors (TβRI, TβRII and TβRIII) which are expressed in diverse types of cells and regulate distinct cellular functions by the signals transduced upon TGF-β ligand binding. TβR and TβRII are single pass serine/threonine kinases with Table 1 ]. TGF-βR-mediated signals play context-dependent dual roles in cell growth. [1] Under physiological conditions, TGF-β prevents cell growth, stimulates apoptosis or differentiation. During tumorigenesis, TGF-βR-mediated signals promote cell growth due to genetic and epigenetic changes. Mutations and dis-regulation of TGF-βR genes were observed in different cancers [ Table 2 ], for example, down-regulation of TGF-βRII gene in breast and lung cancer [14, 15] and different mutations in colon and pancreatic cancer. [16] [17] [18] 
Vascular endothelial growth factor receptor
This family consists of three membrane receptors (VEGFR1-3), predominantly expressed on endothelial cells and few additional cell types. VEGFRs are single pass protein with seven immunoglobulin (Ig)-like domains on the extracellular site and two split tyrosine kinase domains in the intracellular site [ Figure 1d ]. They bind with the disulfi de-linked homodimer of VEGF isoform (VEGFA-D) ligands and placenta growth factors (PIGF1 and 2) to form homodimers or heterodimers of VEGFR-1 and-2 and relay the signal inside cells. The signals transduced by VEGFR are different between these receptors. For example, VEGFR2 (also known as KDR/fl k-1) induces mitogen-activated protein kinases (MAPK)-dependent cell proliferation whereas VEGFR1 (fl t-1) does not induce cell growth. However, activation of VEGFR1 by VEGF stimulates cell migration, a response that is also triggered by VEGFR2 activation. These VEGF-VEGFR interactions are well-known for their key roles in vasculogenesis and angiogenesis. VEGFR3 (fl t-4) that is expressed on lymphatic vessels interacts with VEGF-C and VEGF-D and is thought to promote lymphangiogensis. VEGFRs are thought to be responsible for blood and lymph vessel formation in tumor microenvironment and thus promote tumor growth and progression [ Table 1 ]. High expression of VEGFR gene is observed in many different types of malignancies [ Table 2 ]. Moreover, somatic mutations in VEGFR2 and VEGFR3 genes were identifi ed in the most common infants' malignancy, juvenile hemangioma. [19] Platelet derived growth factor receptor The platelet-derived growth factor receptor (PDGFR) family contains two receptors (PDGFR-α and-β) that are encoded by two different genes and are expressed on the membrane of different cell types. These single chain receptor proteins have fi ve Ig-like extracellular domains and a tyrosine kinase domain [ Figure 1e ]. Dimerization of receptors occurs upon binding to homo/heterodimers of PDGF (A-D) ligands, leading to conformational changes in receptors, activating them to trans-phosphorylate and stimulate downstream proteins. This relays the signals into receiving cells via mainly MAPK and PI3K pathways and thus regulates cell proliferation, differentiation, growth, migration, and survival. They have roles in angiogenesis and thus support tumor growth [ Table 1 ]. Overexpression and mutations in the PDGFR genes are associated with diverse cancers [ Table 2 ]. Aberrant expression of PDGFR due to amplifi cation and/or overexpression of PDGFRα and PDGFRβ genes were reported in human glioblastoma multiforme. [4, 20] Moreover, mutations and genetic translocation in PDGFRα gene were observed in gastrointestinal stromal tumors and chronic leukemia respectively. [21, 22] A germline point mutation (gain of function) in PDGFRβ gene was found in the most common fi brous tumor of infancy, myofi bromatosis. [23] 
Fibroblast growth factor receptor
The fi broblast growth factor receptor (FGFR) family consists of four closely related transmembrane proteins (FGFR1-4) and their different isoforms with altered ligand specifi city due to differential splicing of FGFR mRNA. These single chain receptors contain one extracellular domain with three immunoglobulin repeats (Ig I-III) with ligand binding capacity, one transmembrane domain and one intracellular domain with kinase activity at the carboxy-terminus [ Figure 1f ]. There are 18 different FGF ligands that can bind to different FGF receptors. Upon binding, dimerization of FGFR leads to auto-phosphorylation and kinase activation. Phosphorylated FGFRs in turn phosphorylate a number of proteins and/or serve as molecular docking sites for many effectors, thus orchestrating context-dependent cellular functions including cell proliferation, growth, differentiation, migration, vascular repair, wound healing, and cell survival. FGF-FGFR interactions have pivotal roles in tumorigenesis [ Table 1 ] as the downstream mitogenic growth signals ( MAPK) and anti-apoptotic PI3K/AKT signals lead to uncontrolled growth and inhibition of cell death, respectively. The PLC/PKC pathway downstream of FGFRs also converges to the MAPK pathway to support cell growth. [24] [25] [26] These receptors have been shown to exert profound roles in angiogenesis both in paracrine and autocrine fashions. FGFR expression causes tumor cells to acquire resistance to several drugs, especially inhibitors targeting other growth factor receptors (EGFR, PDGFR and VEGFR) because of their extensive cross-talks. Amplifi cation and mutations in FGFR genes that lead to constitutive activation/up-regulation of receptors are found in different types of malignancies, including breast, ovarian, gastric and lung cancers [ Table 2 ].
Targeting GFR-mediated Signals with Cancer Therapeutics
Accumulated understanding over the last 30 years of signaling pathways mediated by different GFRs and their relationship with cancer progression has led to the development of targeted agents for cancer treatment. There are at least 6 approaches to target these pathways: (1) monoclonal antibodies (mAbs) against GFRs; (2) protein kinase inhibitors; (3) nucleic acid-based therapeutics for gene silencing (use of antisense RNA or short interfering RNA [siRNA] to block receptor expression); (4) soluble receptors for growth factor ligands ("Traps"); (5) inhibitors of heat shock proteins and (6) antagonists of signaling pathway proteins.
Among these, the fi rst three strategies including mAbs, protein kinase inhibitors and nucleic acid-based therapeutics are designed to target the GFRs, and thus are highlighted in this review. Radiological responses to targeted molecular agents used as monotherapy are typically more limited compared to the conventional chemotherapy and radiotherapy. However, effects on progression-free survival have been observed. Nowadays, targeted molecular agents are often combined with chemo-or radiotherapy, mainly for two reasons: combination with chemo-or radio-therapy improves effi cacy and the molecular specifi city of mAbs aids to target tumor selectively.
Monoclonal antibodies against GFRs
The development of hybridoma technology to produce mAbs is the fi rst step in the process of turning the dream of "magic bullets" for targeted treatment of cancer a reality. A wide number of mAbs-based therapies have been approved by the Food and Drug Administration (FDA) for the treatment of different malignancies and many more are in clinical trials. [27] These therapeutics act by directly blocking the function of GFRs and/or by antibody-dependent cytotoxicity, mediated by Fc fragment recognizing immune cells. Antibody-drug conjugates are designed for targeted drug delivery to cells expressing their cognate GFR. A variety of mAbs are used to modulate GFR functions in different indications [ Table 3 ]. For example, the humanized mAb, trastuzumab designed to target ErbB2 and approved by FDA in 1998, is successfully used to treat HER2+ metastatic breast cancer patients. [28] The approval of the drug was further expanded in 2006 for women with cancer in breast and lymph node region as early stage therapy after primary therapy (lumpectomy, mastectomy). In October 2010, it was approved to use for HER2-overexpressing, gastroesophageal junction adenocarcinoma in combination with either cisplatin or fl uoropyrimidines in patients who have not received any prior treatment.
As VEGFR plays a key role in new blood vessel formation, different antibodies against VEGFR are designed to prevent angiogenesis and growth in cancer. [29] [30] [31] [32] The combination of mAbs with different antineoplastic drugs often increases effectiveness. Diverse combinations of mAbs conjugated with different types of drugs are currently in clinical trials.
Development of resistance against GFR-targeted mAbs is the foremost limitation to their clinical use. Resistance to these antibodies can be either primary or acquired which develops within few months to years of treatment. [33] Patients treated with trastuzumab monotherapy showed intrinsic (66-88%) and acquired resistance within one year (15%) which resulted in loss of effectiveness. [34] Although in most cases the underlying mechanisms of resistance remain poorly understood, in few cases resistance have been linked to the compensatory pathways mediated by other GFRs or mutations in downstream signaling pathways. For example, enhancement of IGF1R-mediated signal in anti-erbB2/HER2 (trastuzumab) antibody-treated breast cancer patients confers resistance to treatment. [35] Overexpression of membrane-associated glycoprotein MUC4, PTEN-PI3K signaling pathways, and elevated HER2 extracellular domain in serum are also involved in trastuzumab resistance. [34] Mutations in K-Ras are responsible for primary resistance against anti-EGFR antibodies in colorectal cancer. [36] Treatment regimen containing multiple mAbs against different GFRs may conceivably increase resistance but may be unacceptably toxic. For example, cross-talk between EGF-and IGF-mediated signaling pathways plays major roles in acquired resistance. Preclinical data suggest that simultaneous blockade of the two pathways could be advantageous in treatment. [37] [38] [39] [40] However, a phase II trial in colorectal cancer patients treated with cetuximab and cixitumumab failed to show any additional antitumor activity, and so this treatment regimen was eliminated from consideration in colorectal cancer patients refractory to EGFR inhibitors. [41, 42] Mechanism-based combinations of GFR mAbs will require case-by-case validation in preclinical and pilot clinical studies.
Protein kinase inhibitors
Structural and functional analyses have paved the way to discovery and development of numerous protein kinase inhibitors, especially tyrosine kinase inhibitors (TKIs) that inhibit the cytoplasmic kinase activity of growth receptors and subsequently their downstream signaling cascades into the cells. Most of these compounds are hydrophobic in nature and, therefore, are orally bioavailable. The majority of these agents rapidly cross cell plasma membranes and compete with phosphate donor adenosine tyrosine phosphate (ATP), phosphorylation substrates, or both. [43] Many such compounds have shown cytostatic effects in cancer cells and animal models. [44] Because of the " druggability" of Table 4 . Chemo-or radio-therapeutic agents are often combined with TKIs to increase therapeutic effi cacy. The IGF1R inhibitor, BMS-754807 showed higher effi cacy when combined with cytotoxic, hormonal or targeted agents. BMS-754807 in combination with docetaxel showed more than additive effi cacy in triple negative breast cancer. [45] There are now several clinical trials (phase I and II) ongoing with BMS-754807-including combinations. Co-targeting of IGF1R and IR with OSI-906 inhibitor showed superior antitumor activity compared to targeting IGF1R [46] and enhanced the antitumor effect of doxorubicin in a colorectal cancer model. [47] However, the development of resistance to TKIs makes their therapeutic use quite challenging. [48] Overexpression of PDGFα in cells has been found to be responsible for acquiring resistance against BMS-754807. Different mechanisms have been identifi ed which account for TKI resistance (both acquired and inherent) in cancer cells. These are: (1) somatic, genetic or epigenetic mutations within kinase domains; (2) overexpression and amplifi cation of GFRs genes to overrule the inhibitors' function; (3) modifi cations in signaling pathways to bypass the signal mediated by specifi c receptor; and (4) overexpression of ATP-binding cassette transporters proteins (ABC-transporters) which transport TKIs outside of cells, limiting achievable intracellular concentrations.
TKIs with broad spectrum activity that inhibit a number of GFRs are less specifi c but often more effective compared to highly specifi c inhibitors. For example, a multi-targeted TKI against VEGFR, PDGFR and FGFR (TKI258) is more potent in inhibiting angiogenesis in pancreatic cancer cells as the signals mediated by these three receptors are crucial for the blood vessels formation. [49] This inhibitor is effi cacious in delaying cancer growth and inhibiting metastasis in a pancreatic cancer model [49] and clinically used for advanced renal cell carcinoma and breast cancer. [50, 51] Broad spectrum TKIs would be less susceptible to acquired resistance.
Nucleic acid-based therapeutics to block GFR expression
The clinical applications of current chemotherapeutic drugs are often limited by their toxic effects on healthy dividing cells. Dose reductions due to toxicity can limit effi cacy and select drug-resistant cancer cell clones. Advances in cancer molecular and cell biology have led to the identifi cation of numerous potentially actionable genes, not all of which encode druggable targets. These genes and their transcripts are potential targets for nucleic acid therapeutics. Gene silencing both at transcriptional and translational levels is a promising tool to treat cancer more effectively. [52] Among available technologies, RNA interference (RNAi) using double stranded siRNA or short hairpin RNA (shRNA) is a promising candidate technology, provided that pharmacokinetic obstacles to quantitative delivery are overcome.
RNAi is a biological posttranscriptional regulatory process in which small endogenous RNA (microRNA) inhibit gene expression by hybridizing with mRNAs and either causing their degradation or preventing translation. Mimicking physiological RNAi, siRNAs are designed exogenously to deliver to cancer cells for selective mRNA targeting. There are two fundamental techniques of executing RNAi: nuclear delivery of gene expression constructs to express shRNA and cytoplasmic delivery of siRNA. Silencing by synthetic siRNA, RNA oligonucleotides 21-23 nucleotides long, is more expedient than shRNA due to the diffi culty of constructing shRNA expression systems [53] and the requirement for nuclear delivery. [54] The potential gene silencing ability of siRNAs in animal models has made them promising investigational drug candidates and some siRNAs are in clinical trials. However, no siRNA against GFRs have been approved yet for cancer treatment. There are few siRNAs against GFRs, which have been used in cell culture and animal models [ Table 5 ]. The primary challenge to the clinical use of RNAi is the need to deliver a relatively small molecule in suffi cient quantities to tumor cells after systemic administration. Nucleic acid therapeutics delivery is an area of very active investigation.
Concerns and Future Perspectives
The anionic nature of siRNA prevents it diffusion through cellular membrane posing a diffi culty in delivering siRNA into cells. Moreover, systemically administered naked siRNA is subjected to degradation by endogenous nucleases, renal clearance, and nonspecifi c bio-distribution. Accordingly, a smart carrier is essential for functional delivery of siRNAs into the system. A wide number of genetically engineered viral vectors or synthetic polymer/liposome-based nanovectors are in use to deliver siRNAs in different cells and animal models. However, there remain concerns surrounding the safety and effi cacy of these nanovectors. The successful clinical application of siRNAs will require nanosized cargos with higher binding affi nity for siRNAs and possibly other drugs, fast release of bound siRNA in the cytoplasm, versatility to be engineered for targeting tumors, in vivo stability, lack of immunogenicity and minimal toxicity. A pH-sensitive inorganic carbonate apatite nanocarrier system has recently been developed that could provide an attractive solution to the challenges presented by other carriers. This carrier has been used to transport siRNAs against ErbB2, IGF1R, and Bcl-2 genes as well as wild-type p53 gene that inhibited the growth of established tumors in syngeneic mouse models. [56, 58] This platform could be used to target one or more GFRs in tumors.
Conclusion
Targeting multiple GFRs offers signifi cant therapeutic promise in cancer therapy. As overexpression of GFRs is also responsible for resistance to different drugs, combination regimens may prevent or alleviate resistance. Nanoparticles-mediated siRNA delivery may have signifi cant clinical applications once clinically suitable delivery platforms are identifi ed and validated.
Financial support and sponsorship
The work was supported by a research grant (FRGS/2/2013/SG05/MUSM/02/2) of the Ministry of Higher Education (MOHE), Malaysia. GFR: Growth factor receptor; SAHA: Suberoylanilide hydroxamic acid; AKI: Aurora kinase inhibitor; siRNA: Short interfering RNA
